Abstract. Spark plasma sintering (SPS) is an extremely fast solidification technique for compounds that are difficult to sinter within the material group metals, ceramics, or composites thereof, SPS uses a uniaxial pressure and a very rapid heating cycle to consolidate these materials. With SPS the main benefit is the ability to control the WC grain size due to the short sintering times at high temperature. Additionally, its allows to avoid negative reactions between WC and cobalt and to minimize the formation of undesirable phases in sintered composites. The WC-6wt.% Co cermet prepared by SPS processing achieves the enhanced mechanical properties with the hardness of 18.3 GPa and the fracture toughness of 15.5 MPa•m 1/2 in comparison to standard reference tungsten carbide/cobalt material.
Introduction
Today, the tungsten carbide (WC) and cobalt (Co) alloy is a widely spread material for tool making [1] . It is used extensively in machining, mining, and making drilling tools [2, 3] . Thanks to the presence of cemented carbides, such tools are harder and more heat-resistant. However, they are less strong and are prone to brittle fractures [4] . Increasing the amount of WC fraction and decreasing the growth of its grain during sintering can considerably improve the hardness and toughness; at the same time, in order to increase fracture resistance, the content of cobalt have to be increased [5, 6] . Thanks to their good hardness and fracture toughness balance, carbides with 5 to 10 wt. % Co are the most promising materials for making cutting inserts [6] . To improve mechanical characteristics and performance of carbide tools, new processing methods of sintering should be used.
As of today, carbide cutting inserts are conventionally made by such methods as hot pressing [7] and hot isostatic pressing [8] . However, these methods have a number of drawbacks like low sintering rate, high equipment costs, low reproducibility of the output, etc. From this perspective, spark plasma sintering seems a very promising method [9, 10] .
Spark plasma sintering (SPS) or pulsed electric current sintering (PECS) is a sintering technique utilizing uniaxial force and a pulsed (on-off) direct electrical current (DC) under low atmospheric pressure to perform high speed consolidation of the powder. This direct way of heating allows the application of very high heating and cooling rates, enhancing densification over grain growth promoting diffusion mechanisms allowing maintaining the intrinsic properties of nanopowders in their fully dense products [11, 12] . The heating rate during the SPS process depends on the geometry of the container/sample ensemble, its thermal and electrical properties, and on the electric power supplier. Heating rates as high as 1000 °C/min can be achieved. As a consequence, the processing time typically takes some minutes depending on the material, dimensions of the piece, configuration, and equipment capacity [13] .
In addition, high pressure and heating rate allow decreasing sintering temperature lower than eutectic temperature (≈ 1320°C) for WC-6wt.% Co system. Therefore, it permits to avoid the appearance of η-phase and prevents the growth of WC grains.
The purpose of the present study was to investigate the dependence of the basic SPS processing parameters, such as temperature, pressure, and time on the mechanical properties of WC-6wt.% Co composites.
Materials and characterization

Raw materials
Commercially available submicron powder WC-6 wt.% Co (Plasmotherm, Moscow, Russia). with an average tungsten carbide particles size of 1.5μm and average cobalt particle is 40 nm was used as an initial material.
Powder processing and sintering
Powder densification was performed by SPS KCE-FCT-H-HP-D25-SD (FCT Systeme GmbH, Rauenstein, Germany) at a maximum temperature of 1000-1500°C (increments of 50°C), reached under vacuum at a heating rate of 100°C/min, and an applied pressure of 30 MPa. The final temperature and pressure were maintained for 5 min. The sintered specimens had diameters of 20 mm and thicknesses of 5 mm. Taking into account that these parameters were chosen to study only the effect of sintering temperature on the mechanical properties of the samples.
It is known that applied pressure and dwelling time affect the mechanical properties of samples as well [14] . Therefore, for subsequent studies dwelling time were increased up to 10 min and pressure was varied in the range from 30 to 80 MPa.
The commercially available WC-6wt.% Co cermet fabricated by hot press sintering at 1400°C was used as the reference material.
XRD characterization
XRD analyses (Empyrean diffractometer, PANalytical, Almelo, Netherlands, Cu-Kα radiation, wavelength 1.5405981 Å, accelerating voltage 60 kV, beam current 30 mA) of the raw powder as well as of the sintered samples were conducted in a step scanning mode at diffraction angles 2θ ranging from 25° to 100° (step size 0.05°).
Microstructural and mechanical characterization
The true density of the raw powder was measured using a helium pycnometer AccuPyc II 1340 (Micromeritics, Norcross, USA). The device operation principle involves sample placing into a calibrated chamber filled with helium. To clean the sample surface from water vapors and impurities, one need to start from several helium blowdowns, and after that the analysis itself can be conducted. The gas molecules penetrate the tiniest sample pores. In other words, the sample pushes out the gas volume equal to the volume of the true solid phase only. In case the sample weight was preliminary entered, the device will calculate its density.
Scanning electron microscopy characterization was carried out on polished down to 1 µm surfaces by VEGA 3 LMH (SEM Tescan, Brno, Czech Republic).
The density of the sintered samples (ρ) was measured in distilled water using Archimedes' principle and was compared with the theoretical value, calculated according to the rule of mixtures.
In order to quantify the WC average grain size, the sintered and polished samples were thermally etched in vacuum for 20 min at a temperature of 1200°C, and the linear intercept method (LIM) was used [15] .
Vickers hardness, Hv, was measured on polished surfaces using a Vickers diamond indenter (QNess A10 Microhardness Tester, Salzburg, Austria), applying a load of 1 kg and an indentation time of 10 s. The hardness results were averaged over 10 indentations per specimen.
Fracture toughness (K1c) was determined from Vickers indentations obtained with a load of 10 kg for 10 seconds. The sizes of the corresponding indentations and crack lengths were measured using SEM. The HV and K1c of refence materials were measured using the same equipment and under the same testing conditions. The method and formulas for calculating Hv and K1c have been reported elsewhere [16] .
Results and discussion
XRD analyses
X-ray diffraction was carried out for the starting powder and for the sintered sample (1300°C / 10 min / 80 MPa) (Fig.1) . XRD analysis revealed the presence of tungsten carbide (■) and cobalt (♦) phases, without any additional peaks appearing. 
Microstructure characterization
Typical thermally etched microstructure of the SPS sintered WC-6% Co cermet is shown in Fig. 2 . The grains have fairly equiaxed shapes. No residual porosity could be detected in microstructure. The average grain size of WC was about 0.7 ± 0.5 μm. 
Mechanical properties
The influence of sintering temperature on density, hardness and fracture toughness of sintered composites presented on Fig.3 . All samples sintered at 1300°C and higher temperature were reached the maximum densification (99.0-99.5% th.). High sintering temperature leads to an increase in relative density and decrease in porosities due to the formation of a liquid phase during sintering. , and hardness of 17.3 ± 0.8 GPa, that higher than values obtained for the reference material.
However, it is worth mentioning that further increases in temperature do not result in significant changes in hardness while fracture toughness becomes considerably lower (Fig. 3) . It is explained by the fact that at temperature higher that eutectic intermediate phases (Сo3W3C, W2C or WO3) can occur and play a negative role in fracture toughness.
Nevertheless, it needs to be noticed, that the mechanical performance of the test specimens was studied only dependent on the differentiating sintering temperatures, at the constant sintering pressure and dwelling time. In order to investigate the effect of consolidation pressure and dwelling time on the mechanical properties of the cermet at the optimal temperature, dwelling time were increased up to 10 min and pressure was varied in the range from 30 to 80 MPa. Fig. 4 shows the effect of applied pressure on the HV and KIc of WC-6% Co composites. This data shows that the mechanical behavior of these composites improves with higher pressure / dwelling time and reaching a maximum hardness of 18.3 ± 0.6 GPa and a maximum fracture toughness of 15.5 ± 0.3 MPa·m 1/2 at 80 MPa.
This could be explained by the fact when pressure is applied to the compacted powder, it is transferred through the contacts between the particles and with increasing consolidation processes, both the area and the number of contacts between the powder particles increase. The pressure is manifested in "mechanical" effects, leading to the mixing of particles, the destruction of agglomerates, etc. In addition, the pressure enhances the driving force associated with the surface tension, which in turn leads to the effects of flow and creep, increases diffusion from the grain boundaries. Thus, the applying of pressure during sintering makes it possible to achieve high density at the same temperatures and, accordingly, improve the mechanical properties of the sintered material. Fig. 5 shows the Vickers indentation cracks induced on the surfaces of sintered sample. The crack path goes along the cobalt binder rather than tungsten carbide grains and not propagate rapidly due to cobalt plasticity. Thus, homogeneous distribution of metal binder in SPSed cermet is crucial not only for better WC grain contiguity, but also can prevent brittle fracture and cracks propagation and, consequently, increase fracture toughness. In addition, these high mechanical values have been confirmed from the XRD data, that not identify any additional η-and θ-phases that could have negative effects on the mechanical properties (Fig.1b) .
Conclusion
WC-6% Co cermets have been successfully fabricated by Spark Plasma Sintering. Results showed that all free basic sintering parameters (temperature, pressure, time) have a significant effect on the mechanical performance of sintered materials. High pressure (80 MPa) can decrease down to 1300°C sintering temperature and simultaneously enhance fracture toughness (15.5 MPa·m 1/2 ) and hardness (18.3 GPa). Compared to the refence material, the SPSed WC-6% Co samples in a percentage ratio increased the rate of fracture toughness and hardness by 17% and 29%, respectively. The results presented in this study are promising, but further work is needed to optimize the sintering process to produce the material of superior characteristics.
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